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Spontaneous CP violation
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Vafa and Witten: No spontaneous /
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md

um

Including the � �

� Shifts � � and � masses down slightly

� No qualitative change in phase structure

Nothing significant occurs at � � � �

when �� � � �
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Can the up quark be massless?

Not a well posed question

Concept of an ‘‘underlying basic Lagrangian’’ does not exist

� must regulate divergences

� only underlying symmetries significant

� a single massless quark gives no special symmetry

Continuum theory must be defined as a limit

� need non-perturbative regulator

� lattice
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’t Hooft vertex generates additive mass renormalization

� all species flip spin

� tie up heavy quark lines with masses

� � ��� � � � ��� 
 ��
�� �

� scale and scheme dependent

� non-perturbative

ms

L R
uu
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d
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s

s
R

Consider one flavor theory

� integrate out heavier quarks

� anomaly removes all Goldstone bosons

� theory develops a mass gap

M. Creutz YALELAT03 10



Regulated theory depends on two bare parameters

� coupling constant, controls lattice spacing �

� quark mass, use lattice units � � �

Continuum limit

� � � �

� � �� � �

� divergent mass renormalization suggests
����

�

� �

Renormalize holding physical quantities constant as � � �

� gauge coupling absorbed via dimensional transmutation

� quark mass remains as a parameter

� fix ratio of lightest boson to lightest baryon masses
� �

� 	
���
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In
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plane follow contours of constant � �

���
� �

� � � 	 
�

represents infinite quark mass

� � � �

along boundary of CP violating phase

� latter NOT �� � �

0 Lattice spacing a

r=0CP

0

qu
ar
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un
its

)

r=2/3

r = m    / m
pη

Contours depend on details of lattice action

� Wilson -- Staggered -- Domain wall -- Overlap

� �� � �

axis is not robust
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0 Lattice spacing a

r=0CP

0

qu
ar

k 
m

as
s 

(l
at

tic
e 

un
its

)

r=2/3

r = m    / m
pη

Overlap not unique

� depends on Dirac operator being projected

� Starting with Wilson: input negative mass is adjustable

Can �� � �

select a unique � in the continuum limit?

� not guaranteed by the Ginsparg-Wilson condition

� continuum limit not uniquely specified

�� � � is not well defined
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Closing thought problem

� � � � �
� � � � � �  

� phase can be shuffled between different quarks

� put all phases into the top quark mass

How can a complex top quark mass affect low energy physics?

SUMMARY

Strong interactions can spontaneously violate CP

� large regions of parameter space

� quark masses differ in sign

�� � �

is not a physical statement

paper: hep-th/0303254

these slides: http://thy.phy.bnl.gov/

�

creutz/slides/cpslides.ps
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